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1. Introduction 
The study of the earthquake hazard of New England has experienced a resurgence in 
research over the past 40 years.  Through this increased research, strides have been 
made in the understanding of the seismotectonic environment of New England; 
however, the complexities of the region’s seismicity remain an active area of study, and 
much can still be learned from continued research on this topic.   
The majority of the globe’s recorded earthquakes occur along tectonic plate 
boundaries and are the result of plate boundary interactions such as subduction, 
spreading, or strike-slip movement.  Earthquakes that occur in New England, however, 
are far from the boundaries of the North American plate, and are therefore classified as 
intraplate earthquakes.  Although there are fewer recorded earthquakes in the interiors 
of the tectonic plates than at plate boundaries, many earthquakes do occur in intraplate 
regions, including the fifth largest earthquake ever recorded in the contiguous United 
States, the New Madrid earthquake of February 12, 1812 (Stover and Coffman 1993).  
Approximately 40-50 intraplate earthquakes are recorded annually in New England and 
vary in size and intensity (The Northeast States Emergency Consortium).  Figure 1 
displays the diversity in location and magnitude of recorded seismic events in New 
England as well as how the distributions of such events change over time.     
Scientists hypothesize that a possible mechanism for intraplate earthquakes is the 
reactivation of “ancient zones of weakness” (Kafka 2004).  These old faults are 
reactivated as a result of present-day stress caused by the forces which drive tectonic 
plate motion.  This buildup of stress eventually leads to rock failure, resulting in an 
earthquake.  In New England, a geologic history of plate collision, rifting, and faulting 
has created a network of faults along which earthquakes are known to have occurred in 
the geologic past.  Two events that are thought to have contributed to the creation of 
New England’s vast fault network are the collision of the African continent into the 
North American continent 450 million years ago and the Mesozoic rifting of the 
Pangaea 200 million years ago, which began the opening of the Atlantic Ocean (Kafka 
2004).  Some of these ancient faults could be present-day zones of weakness along 
which stress can build in the rock and earthquakes could possibly occur.   
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Figure 1: Historic Seismicity of New England.  Data from 1924-
1974 recorded by the USGS, data from 1975-1999 recorded by the 
New England Seismic Network (NESN).  (Kafka, 2004). 
 
 
 
 
 
2. Purpose of the Study 
 
The purpose of this study is to shed light on the nature of earthquakes in New 
England and to determine what mechanisms are responsible for seismic activity in this 
region of the US.  It is known that stress buildup and rock failure are the causes of 
earthquakes in New England (The Northeast States Emergency Consortium), but the 
reason behind the activation of some faults and zones and not others still remains 
unknown.  This study focuses on the Amesbury-Newburyport region in northeastern 
Massachusetts, about 40 miles northeast of Boston College.  The goal of the project is 
to more accurately find the locations of recorded seismic events from the Amesbury-
Newburyport area and to use the improved locations to find a proposed orientation for 
an active fault in the area.   
4 
 
Earthquake signal data collected by both the regional seismic network (New 
England Seismic Network, Figure 2) and portable seismic instruments in the Amesbury-
Newburyport area of Massachusetts were used in this study.  Locations for the studied 
events had already been determined using data collected by the NESN, and in this thesis 
the data recorded by the portable seismic instruments in Amesbury-Newburyport are 
combined with the NESN data in order to improve upon these previously established 
locations.  The four portable instruments set up in Amesbury and Newburyport were 
operated for over a year and continuously recorded ground motions at their sites in the 
hopes of recording local microearthquakes.   
This study, through the careful calculation of more accurate locations for recorded 
local earthquakes, aims to determine a possible active fault along which these present-
day earthquakes occur.  By understanding the mechanism for present-day earthquakes 
in the region, inferences can be made regarding the relationship between these modern 
earthquakes and historic earthquakes in the region.   
 
 
 
 
 
 
Figure 2: Seismic stations used to record data for this study.  Includes NESN stations as well 
as USGS, Lamont-Doherty, and Canadian stations, all of which were used in the analysis of 
recorded data.  NESN Bulletins and Reports, Quarterly Earthquake Report, October-
December 2009. (http://www.bc.edu/research/westonobservatory/meta-
elements/pdf/NESN_q4_2009.pdf) 
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3. Seismic History of Amesbury-Newburyport 
 
The Amesbury-Newburyport region of Massachusetts was selected for this study 
due to a history of seismic activity recorded in the area and a significant amount of 
previous research regarding possible mechanisms for this seismic activity.  The 1727 
Newbury earthquake is the most notable, and largest, event that has occurred in the area 
since the establishment of permanent populations in Massachusetts (Ebel 1996), and is 
thought to have set off a sequence of aftershocks which continued to shake the region 
until 1741 (Ebel 2000).  More recently, on January 10, 1999, a sequence of three events 
was recorded in Amesbury, Massachusetts, followed by a fourth event four days later 
(NESN Bulletins and Reports).  The 1727 and 1999 events were considered in the 
analysis of the more recent recorded earthquakes in Amesbury-Newburyport, which 
were the primary focus of this study, and the imaging of a possible active fault in the 
region.   
It is proposed by Ebel (2000) that the 1999 earthquakes are extensions of the 
aftershock sequence that followed the main earthquake of October 29, 1727 (Julian 
calendar date), suggesting that in New England aftershocks can be generated and felt for 
perhaps hundreds of years following a major seismic event (Ebel et al. 2000).  With this 
possible connection in mind it can be inferred that events located in the Amesbury-
Newburyport area are best understood when observed and analyzed in the context of all 
past seismic activity in that area.  The paleoseismicity model of earthquake activity 
relates the occurrence of present-day, small earthquakes to large, past earthquakes (Ebel 
et al. 2000).  Through this relationship, determination of present-day mechanisms for 
local earthquakes can point to the faults along which past earthquakes could have 
occurred.   
Figure 3 is a map of the geologic bedrock of the Amesbury-Newburyport region and 
displays the regional geologic setting that includes Amesbury and Newburyport, 
including mapped faults in the area.  The majority of these faults trend ENE-WSW, 
including the prominent Clinton-Newbury fault which extends from the Atlantic coast 
southwest to Worcester before turning south to Connecticut (Seeber and Tuttle 1991).  
In addition to these ENE-WSW faults, there are many faults which run in a more NNE-
SSW direction.  There also appear to be a few minor NW-SE trending faults that cut 
across the NE-SW faults in the area.  It is perhaps one of these NW-SE trending faults 
that was the source of the 1727 Newbury earthquake, a theory proposed by Ebel (2000), 
and could also be a source of present-day earthquakes in the area.   
Extensive study of the 1727 Amesbury earthquake by Ebel (2000) has provided 
significant insight to the seismic history of the region.  This historical information 
together with good quality earthquake data from more recent years allows for an 
analysis of earthquake activity over many years, a combination that is not present in 
other areas in the northeast.  Thus, the Amesbury-Newburyport area can be studied as a 
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region that may be representative of the seismotectonics of the greater New England 
region. 
 
 
 
 
 
 
4. Regional Seismic Network  
 
The regional seismic network from which data were collected and analyzed is the 
New England Seismic Network (NESN) which spans Connecticut, Rhode Island, 
Massachusetts, New York, Vermont, New Hampshire, and Maine (see Figure 2 for 
station locations).  Weston Observatory, a research laboratory of the Department of 
Geology and Geophysics of Boston College, operates the NESN with support from the 
United States Geological Survey (USGS).  Additional data that were utilized for this 
thesis came from USGS seismic stations, Lamont-Doherty seismic stations, and 
Geological Survey of Canada stations near to the US-Canadian border as indicated in 
Figure 2.   
The instruments of the New England Seismic Network that detect the ground 
motions at the seismic stations are broadband seismometers that detect the horizontal 
and vertical motions of the Earth on three different instrument components (BHE, BHN, 
and BHZ).  These three components refer to the three directions of ground motion that 
can be recorded by the seismometers: east-west, north-south, and vertical, respectively.  
The data from these seismometers are fed to Reftek, Inc. 130-01 broadband 24-bit 
Figure 3: Bedrock Map of Massachusetts, zoom to Amesbury-Newburyport area (Zen et al., 1983).  
The thick black lines represent mapped faults in the area, including the Clinton-Newbury fault which 
runs ENE-WSW through Amesbury.   US Geological Survey maps. 
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digitizers which collect data at a rate of 40 samples per second and then transmit the 
data to Weston Observatory via the Internet.  Packaged data files from the NESN 
recordings were organized by date, station, and component by Weston Observatory 
seismologists. 
  
 
5. Portable Seismic Instruments 
 
The accuracy to which the earthquakes of a region can be mapped and located is 
dependent on the density of the region’s seismic network.  As it is currently configured, 
the NESN is able to locate earthquakes only within 3-5 km of their true absolute 
locations due to relatively sparse spacing of seismic stations.  Four portable seismic 
instruments were set up within a 16 km radius of the calculated location of the 1999 
Amesbury earthquakes in order to increase both the density of recorded data and the 
accuracy of NESN-recorded earthquake locations.  The four devices’ locations were 
chosen based on their positions within this 16 km radius as well as the locations’ low 
presence of “noise,” or non-earthquake, ground motion disturbances.  Recordings from 
locations with relatively low noise are easier to analyze and recorded earthquake signals 
easier to identify.  The devices’ locations and elevations can be found in Table 1 and are 
illustrated in Figure 4.     
 
 
 
station latitude longitude elevation (km) 
AMTH 42.8563°N 70.9330°W 25 
BRES 42.8202°N 70.8960°W 24 
MAUD 42.8223°N 70.9098°W 27 
SPAR 42.8503°N 70.9163°W 25 
 
 
The data collected from the instruments used for this thesis were recorded from 
January 1, 2009 through August 19, 2009.  The devices had been operated in the area 
previous to the start of 2009, and the portable instrument recordings for an event 
registered on December 21, 2008 are also included in the portable data analysis of this 
study.  Like the seismometers of the New England Seismic Network, these portable 
instruments detected ground movement on three broadband channels (1, 2, 3) which 
represent the east-west, north-south, and vertical motions, respectively.  These 
instruments recorded signals at 100 samples per second, and the recorded data were 
organized by date, time, station, and channel.   
 
Table 1: Locations of portable seismic instruments in the 
Amesbury-Newburyport area. 
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6. Absolute Location Analysis  
 
A main focus of this thesis was the improvement of the absolute locations of local 
earthquakes in an effort to know, as accurately as possible, the locations of the events.  
From the improved locations conclusions could possibly be drawn regarding any 
relationship between the events and the overall seismicity of Amesbury-Newburyport.  
Absolute location analysis was carried out for four events recorded in Amesbury-
Newburyport by both the portable devices and stations of the NESN, increasing the 
density of data collection and therefore improving upon the location uncertainty for the 
events.   
 
6.1 Portable Data and the Search for Local Earthquakes 
 
The four portable seismic instruments were operated for over a year during which 
they recorded any ground movement that the instruments experienced.  These 
movements could be associated with local earthquakes, teleseisms (which are distant 
earthquakes), or non-earthquake seismic disturbances (such as local blasts or vehicular 
Figure 4: Map of portable seismic instrument locations.  AMTH = Amesbury Town Hall, SPAR = 
Sparhawk School, MAUD = Maudslay State Park, BRES = Bresnahan Elementary School.   
9 
 
traffic).  In the examination of the recorded data, the files for each day were analyzed in 
the search of an indication of the desired signal: a local microearthquake.  To ensure 
that any recorded signals on a single station were in fact possible earthquakes and not 
isolated environmental movements (e.g.: the slamming of a door close to the device, a 
large truck driving by, etc.), data from the other three stations were used to support the 
identification of possible recorded earthquake signals.  In the analysis, it was assumed 
that any local microearthquakes would be recorded on all four portable devices within a 
one-second time interval of each other, and thus the search for local earthquakes was 
conducted via a scan of the recorded data from all four stations with respect to date and 
time.   
Mutual detections within a one-second interval from all of the stations did not 
always indicate local earthquakes.  For the mutual detections found on all of the 
stations, each station waveform was viewed to determine if it appeared to be the record 
of a local microearthquake, a non-earthquake disturbance, or a teleseism (distant 
earthquake).  After applying this process to the data from January 1, 2009 through 
August 19, 2009 it was determined that no new microearthquakes were detected in the 
recorded data; however the portable instruments did show records of known local 
earthquakes which had been detected by the NESN as well as teleseisms (Table 2).  
Four local earthquakes were detected by the portable devices from within about 30 km 
of the Amesbury-Newburyport area; and, in this thesis their absolute locations were 
redetermined through the inclusion of the portable-recorded data with the data collected 
from the NESN.   
 
 
 
 
Date 
station 
1 
station 
2 
station 
3 
station 
4 
assoc 
time 
latitude longitude depth magnitude origin time origin 
1/15/2009 amth bres spar 
 
18:02:09 46.86 155.15 7.4 7.4 17:49:39.07 
 
4/17/2009 amth bres spar 
 
2:18:30 -19.58 -70.48 25 6.1 02:08:08.71 
South 
America 
6/14/2009 amth bres spar 
 
6:21:11 5.36 126.44 35 6.1 05:58:43.27 
South 
Pacific, 
Indonesia 
7/10/2009 amth bres spar 
 
1:00:56 47.91 148.26 389 5.3 00:49:11.10 
off coast 
of Japan 
7/12/2009 amth bres maud 
 
6:22:18 -15.04 -70.44 198 6.1 06:12:47.33 
South 
America, 
Peru 
8/13/2009 amth bres maud spar 9:46:18 7.95 -85.63 10 5.8 09:37:35.35 
South 
America, 
off coast 
of Costa 
Rica 
Table 2: Recorded Teleseisms on Portable Devices.  “Assoc time” refers to the time indicated by 
the analysis program of the mutual recorded signal at each of the indicated stations within one 
second of each other.   
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6.2 First Arrival Analysis 
 
In order to begin the analysis and determination of the locations of the four 
earthquakes close to Amesbury-Newburyport that were recorded by both the portable 
instruments and the NESN, the P and S wave first arrival times with respect to each 
portable and NESN station were determined.  For the events recorded on the NESN, the 
P and S wave arrival times were found by reading the New England Seismic Network 
Quarterly Bulletins and Reports, which provide data about earthquakes recorded by the 
NESN including P and S arrival times at each station which recorded a signal.   
The P and S wave first arrival times for each event recorded on the portable 
instruments were determined by viewing an image of the recorded waveform and 
picking the arrival times manually.  Table 3 displays the observed first arrival times for 
both the P and S waves of each event at each station with a recorded signal.   
 
 
 
 
event station HH:MM:SS.xx P Arrival S Arrival 
12/21/2008 BRES 21:35:36.08 21:35:38.55 21:35:39.94 
12/21/2008 SPAR 21:35:36.08 21:35:38.68 21:35:40.16 
2/24/2009 SPAR 00:24:07.00 00:24:11.05 00:24:14.16 
7/27/2009 AMTH 05:30:30.79 05:30:31.13 05:30:32.20 
7/27/2009 BRES 05:30:30.79 05:30:31.45 05:30:32.69 
7/27/2009 MAUD 05:30:30.79 05:30:30.93 05:30:32.15 
7/27/2009 SPAR 05:30:30.79 05:30:31.11 05:30:32.13 
8/28/2009 BRES 03:19:27.23 03:19:31.04 03:19:34.15 
8/28/2009 SPAR 03:19:27.23 03:19:30.51 03:19:33.31 
 
 
6.3 Determination of Absolute Locations  
 
Data from both the portable seismic instruments and the NESN were utilized in the 
determination of absolute locations for the four local earthquakes in the Amesbury-
Newburyport area.  Event locations found previously by Weston Observatory utilizing 
only data recorded by the NESN are displayed in Table 4 (NESN Bulletins and 
Reports).  The locations of the four events determined using both data from the portable 
seismic instruments and data from the NESN are given in Table 5.  Improvement in the 
location analysis can be seen in the differences in standard error of location (ERH) and 
standard error of depth (ERZ).   
For one event, 7/27/2009, all four portable devices had recorded signals, which 
allowed for the absolute location of this event to be calculated utilizing only the 
Table 3: P and S wave arrival times for local earthquakes recorded on portable 
instruments. 
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Table 5: Absolute Locations of Portable Earthquakes, incorporating both portable instrument data 
and NESN data.  ERH refers to the standard error of epicenter (km) and ERZ refers to the standard 
error of event depth (km).   
 
portable recorded data from these four stations.  The location of the 7/27/2009 event 
was calculated in three different ways: with only data recorded by the NESN, with only 
data recorded by the portable instruments, and with data recorded from both the NESN 
and the portable instruments.  The 7/27/2009 event location calculated using both the 
NESN and portable data and the location of the event calculated using only portable 
data are both given in Table 5.   
 
 
 
 
 
 
julian day date time lat N long W Depth (km) RMS ERH ERZ 
356 12/21/2008 21:35:36.09 42.78783 70.99217 2.12 0.17 2.6 1.4 
55 2/24/2009 00:24:07.00 42.6195 71.1465 6.79 0.05 1.1 1.1 
208 7/27/2009 05:30:30.83 42.86967 71.02433 14.72 0.08 1.3 1.9 
240 8/28/2009 03:19:27.82 43.0205 70.924 12.03 0.38 1.6 2.9 
 
 
Julian day Date time latitude N longitude W Depth (km) RMS ERH ERZ 
356 12/21/2008 21:35:36.47 42.78817 71.03033 2.52 0.13 0.7 1.6 
55 2/24/2009 00:24:06.12 42.661 71.12967 1.96 0.25 1.3 3.5 
208 7/27/2009 05:30:29.75 42.8685 70.93817 7.38 0.17 1.7 0.8 
240 8/28/2009 03:19:27.09 43.02733 70.89617 7.31 0.31 1.1 1.2 
208  
(using ONLY portable data) 
7/27/2009 05:30:29.71 42.84217 70.96933 7.22 0.12 2.4 1.3 
 
 
6.4 Standard Error Analysis 
 
The changes in standard error associated with both the epicenter, (ERH) and the 
standard error associated with the event depth (ERZ) are displayed in Table 6.  For the 
events that occurred on 7/27/2009 and 8/28/2009, the incorporation of the portable-
recorded data decreased the calculated depth by a significant amount.  Due to the 
proximity of the portable instruments to these event epicenters, the depths in Table 5 are 
more reliable than those calculated using only data from the NESN in Table 4.   
Table 4: Absolute Locations of Portable Earthquakes, incorporating only NESN data.  ERH refers 
to the standard error of the epicenter (km) and ERZ refers to the standard error of event depth 
(km).   
This information is from the New England Seismic Network Quarterly Bulletins and Reports.   
 
12 
 
For the 7/27/2009 event, the epicenter location calculated using portable-recorded 
and NESN-recorded data and the event epicenter location calculated using only data 
from the four portable instruments are only slightly different.  This suggests that 
locations calculated using both the portable-recorded data and the NESN-recorded data 
are more accurate than those calculated using only data from the NESN.  Additionally, 
the bias associated with the NESN-only locations is shown through the difference 
between the locations calculated using only the NESN data and the location calculated 
using data from both the portable instruments and the NESN.  
 
 
 
 
 
 
 
 
date time 
ERH (km), 
portable and 
NESN 
ERZ (km), 
portable and 
NESN 
ERH (km), 
NESN 
only 
ERZ (km), 
NESN 
only 
change in 
ERH (km) 
change in 
ERZ (km) 
12/21/2008 21:35:36.47 0.7 1.6 2.6 1.4 1.9 -0.2 
2/24/2009 00:24:06.12 1.3 3.5 1.1 1.1 -0.2 -2.4 
7/27/2009 05:30:29.75 1.7 0.8 1.3 1.9 -0.4 1.1 
8/28/2009 03:19:27.09 1.1 1.2 1.6 2.9 0.5 1.7 
 
 
7. Relative Location Analysis 
 
The relative location analysis further improved upon previously calculated locations 
for earthquakes in Amesbury-Newburyport.  While the absolute location analysis 
calculated locations of four local earthquakes to an accuracy of approximately ±2 km, 
the relative location analysis can locate events to within 0.5 km of their true location.  
The issue associated with the relative location analysis is that it does not offer any 
absolute, or map-based, location for either of the earthquakes, but rather only describes 
the two events’ differences in latitude, longitude, and depth.  The events are described 
completely by their locations relative to each other and not by their actual absolute 
location in Amesbury-Newburyport, and therefore build upon the previous absolute 
location calculations.   
For this study the relative locations of one pair of events were determined based on 
their proximity to Amesbury-Newburyport and the 1999 earthquake event epicenters.  
The December 21, 2008 and July 27, 2009 events both occurred within a 10 km radius 
of the 1999 epicenters and therefore were more likely to be associated with a common 
focal mechanism than the other, more distant events.    
Table 6: Error associated with calculated absolute locations of four events recorded by both 
portable instruments and the NESN.  The change in ERH and ERZ is the value of the difference 
between the ERH and ERZ of the absolute locations of the four events incorporating both 
portable-recorded and NESN-recorded data, and the ERH and ERZ associated with the absolute 
locations of the same events calculated using only data recorded by the NESN.  Positive values 
refer to a decrease in error with the incorporation of the portable-recorded data while negative 
values correspond to an increase in error when the portable-recorded data was included in the 
calculations.  
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7.1 Waveform Correlation Analysis 
 
The waveform correlation analysis used in this thesis compares the shapes of a pair 
of waveforms recorded at a mutual station from two separate events.  Because of the 
nature of seismic waves, waveform shape depends upon the travel path from the source 
to the receiver and upon the focal mechanism of the event.  Two almost identical 
waveforms recorded at the same seismic station from two different earthquakes indicate 
that the two events have virtually the same hypocenter and the same focal mechanism.   
In order to study the similarities of the pair of events and calculate the maximum 
crosscorrelation coefficient, a value which quantifies the similarity of the two signals, 
the waveforms of the events were viewed and analyzed within a narrow window of time 
around the P wave and S wave arrival times.  The data were also filtered through a 
bandpass filter in order to isolate the frequency band where the signal-to-noise ratio is 
the strongest.  The filters therefore enhance the earthquake signal by favoring certain 
recorded frequencies over others.  In the study, noise was eliminated by cutting out the 
lowest and highest frequencies from each station waveform.   
The lag time found in the crosscorrelation analysis is used to calculate the time 
difference of the P and S wave arrival times for each station.  The calculated time 
differences, or relative arrival times of the P and S waves between the two events at 
each station, are used in the relative location analysis. 
 
7.2 Parameters of the Analysis 
 
The location of an event A relative to an event B is determined using a system of 
equations that depend on four parameters: differences in the latitude, longitude, depth, 
and origin time of the two events.  In order to compute the values of these four 
parameters using the relative P and S arrival times, derivatives of the arrival times of the 
P and S waves associated with a change in each of these four parameters must be 
computed.  The numerical derivatives of the arrival times calculated with respect to 
each of the three spatial parameters were the change in fastest travel time of a P or S 
wave over the change in location of the earthquake source.  In more detail, the change 
in travel time of a P or S wave recorded at a particular station was determined with 
respect to a change in the corresponding depth, latitude, or longitude of the earthquake 
that generated the seismic waves.  The numerical derivative of the arrival times with 
respect to the event origin time was computed simply by testing a change in origin time 
of the source.   
In this relative location analysis it is assumed that the same derivatives can be used 
for both earthquakes that are a part of the analysis.  The derivatives can be interpreted 
as indicating the sensitivity of each P or S arrival time (recorded at a specific station) to 
a small change in one of the hypocentral parameters (depth, latitude, longitude, or origin 
14 
 
time).  The larger the derivative value, the greater the sensitivity of the arrival time to a 
small change in that particular parameter.  Derivatives were calculated for both the P 
and S wave first arrivals at each station for which arrival times for the P and/or S waves 
could be read from the station waveform.   Calculated derivatives for the events studied 
in the relative location analysis can be found in Appendix B.   
 
7.3 Velocity Model 
 
The first step in the calculation of derivatives was the determination of the fastest 
travel path, and therefore fastest travel time, of both the P and S waves recorded at each 
station.  Knowledge of the seismic velocity structure of the subsurface is necessary to 
determine and calculate the raypaths of the seismic waves as they travel from the event 
source to the station at which the signal was recorded.  The raypaths for the events 
recorded in Amesbury-Newburyport were calculated using the South and Coastal New 
England Velocity Model, illustrated in Figure 5.  For each wave, its travel path can be 
classified as one of three different types: direct waves, reflected waves, and head waves 
(Figure 6).   
In this study all of the observed P or S waves for which travel times were 
determined were direct waves or head waves.  Head waves are defined by the boundary 
layer along which they travel horizontally.  For example, a wave that travels from an 
earthquake focus in the second layer down to the boundary between the second and 
third layers, travels along that boundary in the top of layer 3, and then transmits to the 
Earth’s surface where it is recorded is classified as a “head wave off layer 3.”  A 
detailed list of the events, stations, epicentral distances, depths, ray paths, and 
calculated fastest travel times can be found in Appendix A.   
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layer 1 
α1=5.31 km/s 
β1=3.069 km/s 
thickness=0.88 km 
 
 
layer 2 
α2=6.06 km/s 
β2=3.503 km/s 
thickness=12.21 km 
 
  
 
 
 
 
layer 3 
α3=6.59 km/s 
β3=3.809 km/s 
thickness=21.51 km 
 
 
 
 
  
 
 
 
 
 
 
 
layer 4 
α4=8.1 km/s 
β4=4.682 km/s 
 
 
 
  
 
 
 
 
 
Figure 5: South and Coastal New England Velocity Model (not to scale).  The layers were 
assumed to be uniform in composition with parallel boundaries.  NEUSSN seismic network 
bulletins.   
0.88 km 
 
12.21 km 
21.51 km 
13.09 km 
34.6 km 
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7.4 Calculation of Derivatives 
 
The fastest travel P and S times from each event to each station were used in the 
calculation of arrival time derivatives with respect to latitude, longitude, depth, and 
origin time (the four parameters of the relative location analysis).  The calculation of the 
arrival time derivatives with respect to latitude and longitude were based on a change in 
epicentral distance from source to station.  For each P and S ray, first the travel time 
was calculated for the hypocenter at its best estimated location, and then the epicentral 
distance changed as a result of shifting the source location 1 km east-west (longitude) or 
1 km north-south (latitude) which then entailed a recalculation of the total distance that 
the ray traveled.  It was assumed that the new raypath associated with this source 
location shift would traverse the same layers as the raypath from the original source; 
that is, both the original and the shifted raypath would be either direct or head waves 
that refracted off the same crustal boundary.  The travel time associated with the 
recalculated epicentral distance is differenced from the original travel time in the 
calculation of the derivative with respect to latitude or longitude.   
Figure 7 is a map view of the event-to-station configuration with the event location 
projected onto a two-dimensional coordinate system.  Figure 7 illustrates the breakdown 
Figure 6: Ray Paths over a halfspace.  Epicentral distance is denoted by “x.”  The direct wave is a 
dashed line and, in this rendering, travels along the surface of the Earth.  The head wave is the 
other dashed line which travels along the lower boundary between the top and bottom layers 
before reflecting up to the receiver at the incident angle (ic).  The third, solid line is the reflected 
wave which is reflected at a distance x/2 from the source and the receiver.   
For this project the source was an earthquake which occurred in either the first or second 
subsurface layer.  The raypaths of the analyzed waves can be found in Appendix A.  (image: Stein 
and Wysession, 2003) 
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of an event location (4/26/2006, Station: Weston) into geometric components (such as 
the x and y components of a traditional x-y Cartesian plane).  In this two-dimensional 
figure, latitude (N and S) is one coordinate and longitude (E and W) is the other 
component.  Longitudinal shifts to the east are positive motions while longitudinal 
shifts to the west are negative motions.  Latitudinal shifts to the north are defined to be 
positive, and latitudinal shifts to the south are negative.   
 
The basic equation for the calculation of the latitudinal numerical derivatives is: 
 
dAT/dLat = (new TT – original TT, seconds)/(new latitude – old latitude, km) 
dAT/dLat = (new TT – original TT, seconds)/1 km 
 
The basic equation for the calculation of the longitudinal numerical derivatives is: 
 
dAT/dLong = (new TT – original TT, seconds)/(new longitude – old longitude, km) 
dAT/dLong = (new TT – original TT, seconds)/1 km 
 
 
        N 
 
 
 
 
 
 W       E 
 
 
 
 
 
              
        S 
 
 
 
 
 
 
 
 
WES 
+ 
+ 
58° 
212° 
Figure 7: Northern movement is shown to be positive as is eastern movement, indicating 
that southern and western movements are negative.  For this particular event (recorded at 
station: WES), to change the longitudinal position the event would be moved to the west 
by 1km (negative movement).  To change the latitudinal position the event would be 
moved to the south 1km (negative movement).  Using geometry, the new epicentral 
distance would be calculated and the new travel time calculated using the velocity model.   
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In the determination of the numerical derivatives with respect to depth, the 
epicentral distance remains the same as prior to the parameter shift, but the depth of the 
event is shifted 1 km deeper than its original location (note: event 10/8/2007 was shifted 
0.5 km up to keep its hypocenter in the top layer of the crust).  For the purposes of these 
calculations, any shifting of the earthquake location down (towards the center of the 
Earth) was considered a positive change in depth and any moving of the earthquake 
location up (towards the surface of the Earth) was considered a negative change in 
depth.  A second travel time was calculated for a wave that had a source depth 1 km 
deeper than the original event but otherwise traveled along the same type of path (direct 
wave or head wave off a particular layer).  The difference between the original travel 
time and new travel time was found in the numerical derivative calculation.  The basic 
equation for the calculation of the numerical depth derivatives is: 
 
dAT/dDepth = (new TT – original TT, seconds)/(new depth – original depth, 
km) 
 
The calculation for the derivative of origin time is better described as the 
derivative of the arrival time.  In the cases of the other derivative calculations, the 
derivatives of latitude, longitude, and depth with respect to origin time are zero because 
the origin time of the event does not change in the calculations.  In the derivative of 
origin time, the origin time of the event at each station is changed by 1 second, as 
expressed in the numerator of the equation below.  The basic equation for the 
calculation of the origin time derivative is: 
 
dAT/dOT = [(origin time + 1 + original TT) – (origin time + original TT, 
seconds]/[(origin time + 1) – origin time, seconds] 
 dAT/dOT = 1 
 
Thus, the value of the derivative with respect to origin time is 1 for all stations and all 
events.    
 
 
7.5 Determination of Relative Locations 
 
In the calculation of the relative locations the goal was to find the configuration of 
stations and P and S wave data that incorporated the greatest amount of collected data 
and had the greatest calculated accuracy (which corresponded to the lowest possible 
root mean square, rms, value of the fit of the predicted to the observed arrival time 
differences).  The relative location analysis was run multiple times with varying 
configurations of station and wave data.  Some runs of the relative location analysis 
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included all stations and both the P and S wave data while others included different 
combinations of subsets of the full data set.  For each data subset run through the 
relative location analysis, a value of dLat, dLong, dDepth, dOT (origin time), and rms 
were calculated.  A table of the different runs of the relative location analysis, the 
stations and waves used in each analysis, and the dLat, dLong, dDepth, dOT, and rms 
values of the runs is listed in Appendix D.   
Of the calculated relative locations listed in Appendix D, run 19 was determined to 
be the best estimate of the relative location.  Run 19 was picked due to the fact that it 
had the lowest rms value while still incorporating the greatest amount of P and S wave 
data from the largest number of stations.  Other runs did have lower calculated rms 
values, but only incorporated either P or S waves while run 19 had a low rms value 
(0.0625) and incorporated both P and S arrival times from six out of a possible seven 
stations.  The dLat, dLong, and dDepth values from run 19 were accepted as the best 
estimate values for the statistical analysis, described in the next section. 
 
7.6 Statistical Analysis 
 
In order to test for the uncertainty of the calculated differences in latitude, longitude, 
depth, and origin time in the relative location analysis, the Jackknife Statistical Analysis 
was employed to estimate uncertainty in the data.  The Jackknife method redetermined 
the values of dLat, dLong, dDepth, and rms from run 19 by omitting one data point at a 
time from the calculation from the full set of results the Jackknife calculates.  The 
standard deviation associated with the set of changes in latitude, changes in longitude, 
and changes in depth was calculated to identify the uncertainty of the best estimate of 
these parameters, which was described in Section 7.2 above.  The change in origin time 
(dOT) was omitted from the Jackknife analysis due to the fact that the value was 
constant for each run.  Appendix E presents the results of each of the Jackknife 
calculations, and Table 7 summarizes the results of the Jackknife analysis. 
The values listed in Table 8 for estimated standard error of hypocenter (ERH) and 
estimated standard error of depth (ERZ) were calculated from the standard deviation 
values in Table 7.  The estimated ERH is a the square root of (the standard deviation of 
dLat)
2
 + (the standard deviation of dLong)
2
.  The ERZ value is the standard deviation of 
dDepth from Table 7.  These values can be compared to the estimated standard error 
values associated with the absolute location analysis in Table 6 of Section 6.4.  The 
values of ERH and ERZ in Table 8 are similar to the calculated values of ERH and ERZ 
found in Table 6 which shows that both the absolute location analysis and relative 
location analysis calculate the locations of earthquakes within a comparable amount of 
uncertainty.   
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dLat (km) dLong (km) dDepth (km) 
mean 5.5692 5.5232 -8.5482 
standard deviation 0.26641 0.80092 1.4792 
 
 
 
 
 
 
ERH (km) ERZ (km) 
0.84407 1.4792 
 
 
8. Results and Discussion 
 
The locations of the four recorded local earthquakes were improved upon in this 
study through the incorporation of portable-recorded data along with data from the 
NESN.  The calculated absolute locations of the four events recorded on the 
portable instruments are shown in Figure 8.    
Due to their proximity to the 1999 earthquake epicenters, the December 21, 
2008 event and the July 27, 2009 event were further studied through the relative 
location analysis.  Figure 9 shows the epicenters of the 1999 Amesbury earthquakes 
as well as the calculated absolute locations of the December and July earthquakes.  
The 1999 earthquakes were shallow events; the main shock on January 10, 1999 at 
10:52 am had a depth of 2.0 km (Ebel 2000).  The deepest of the four 1999 events 
occurred on January 14, 1999 and was 4.2 km deep (NESN Quarterly Bulletins and 
Reports).  The July event, located just east of the 1999 earthquake locations, was 
calculated to have a hypocenter depth of 7.22 km by the absolute location analysis.  
The December event, southwest of the 1999 earthquake locations, had a depth 
calculated to be 2.52 km by the absolute location analysis.  The July event was 
calculated to be 8.5482 km deeper than the December event by the relative location 
analysis.   
 
 
 
Table 7: Mean and Standard deviation for change in latitude, change in longitude, and change in 
depth calculated through the Jackknife Method.  These values are associated with Run 19 of the 
TestInversion2 calculations as part of the Relative Location analysis of events recorded on 
12/21/2008 and 7/27/2009 (Appendix D and E). 
Table 8: Estimated uncertainty of hypocenter (ERH) calculated from the Jackknife analysis 
standard deviation values for dLat and dLong listed in Table 7.  Estimated uncertainty of 
depth (ERZ) as noted in Table 7.  These values can be compared to the estimated standard 
errors of the absolute location analysis listed in Table 6.   
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In the context of local geological and geographical landmarks, the December, July, 
and 1999 events appear to line up along a NE-SW trending section of the Merrimack 
River west of Amesbury and Newburyport (Figure 9).  The low-topography of the river 
basin as well as the mapped earthquakes along its banks could indicate the presence of a 
NE-SW fault along the river.  The river also follows along a geologic contact in this 
area which could further indicate a fracture in the subsurface and a possible active fault.  
If there is a fault that runs NE-SW along the Merrimack River in this region, and the 
December, July, and 1999 events all are a result of movement along that fault, it is 
possible that the fault dips to the ESE as evidenced by the deeper July event to the east 
of the December and 1999 events.   
 
 
Figure 8: Map of the absolute locations of the four recorded local earthquakes.  The locations 
shown correspond to the locations calculated using both portable and NESN data. 
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The proposed northwest-trending fault source for the 1727 earthquake and 1999 
earthquakes (Ebel 2000) is not supported by any of the recorded data of this study.  
However, this study did find a mistake in the map-location of the 1999 Amesbury 
earthquake sequence previously shown in Figure 4 by Ebel (2000).  The latitude and 
longitude of the main 1999 Amesbury event found previously by Ebel (2000) were 
confirmed to be 42.8417°N, 70.9788°W by the NESN Bulletins and Reports.  This 
study corrected the map location of these events using GIS and found a more precise 
map-location than previously indicated in the published figures, approximately 5 km to 
the west of its original map-location.   
The absolute and relative location analyses conducted in this study of earthquakes 
recorded by portable seismic devices and the New England Seismic Network in the 
Amesbury-Newburyport region of Massachusetts have improved upon previously 
determined locations, but ultimately did not provide conclusive evidence for the 
orientation of an active fault in the area.  Further research and data collection is 
necessary in these regions in order to draw further conclusions about the existence and 
Figure 9: Map featuring the 1999 earthquake epicenters as well as the absolute locations of the 
7/27/2009 event using portable data and NESN data (P, green), the 7/27/2009 event using only 
portable data (portable data ONLY, yellow), and the 12/21/2008 event using both portable data and 
NESN data (P, blue).   
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orientation of a fault in the Amesbury-Newburyport area.  A microgravity survey in the 
vicinity of the proposed fault location could provide data about the subsurface structure 
of the region.  Microgravity surveys are used as non-invasive methods of interpreting 
density variations in the subsurface.  Variations in density, which are observed as 
gravity anomalies in a microgravity survey, can be attributed to subsurface structures 
such as faults.   
In particular, to explore the possibility of a new fault along the path of the 
Merrimack river west of Amesbury-Newburyport further study is needed with respect to 
the nature of the geologic contact in this region.  Additional portable seismic 
instrumentation closer to this region, 5 km west of the locations of the currently-
operated instruments, would improve the density of recorded signals in this area and 
perhaps record local microearthquakes if such events are present.   
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Appendix A: 
 
Past event data by station including wave travel time, epicentral distance, depth, and ray 
path of fastest travel time.   
event date station 
Wave Travel Time, 
seconds 
epicentral 
distance, 
km 
Depth, 
km 
Layer Ray Path 
  
P Wave S Wave 
    
4/26/2006 WES 9.323126 16.12859 56 2.09 2 direct wave 
 
HRV * 17.1275 59.5 2.09 2 direct wave 
 
BRYW * 31.60298 110.2 2.09 2 direct wave 
 
QUA2 21.13261 36.5602 128.7 2.09 2 
head wave off 
layer 3 
 
HNH * 41.12833 146.1 2.09 2 
head wave off 
layer 3 
 
UCCT 24.94141 43.14986 153.8 2.09 2 
head wave off 
layer 3 
10/8/2007 WES 8.974082 15.52478 53.8 0.7 1 
head wave off 
layer 2 
 
HRV * 16.18136 56.1 0.7 1 
head wave off 
layer 2 
 
FFD * 25.71605 89.5 0.7 1 
head wave off 
layer 2 
 
BRYW 17.93448 31.02578 108.1 0.7 1 
head wave off 
layer 2 
 
QUA2 20.63964 35.7067 124.8 0.7 1 
head wave off 
layer 3 
 
LBNH 28.20269 48.79196 174.8 0.7 1 
head wave off 
layer 4 
 
PKME 44.32615 * 305.4 0.7 1 
head wave off 
layer 4 
12/21/2008 WES 8.714214 15.07384 52.3 2.18 2 direct wave 
 
FFD 15.44442 26.7181 93.1 2.18 2 direct wave 
 
BRYW 17.68856 30.60035 106.7 2.18 2 direct wave 
 
QUA2 20.61084 35.65749 125.3 2.18 2 
head wave off 
layer 3 
 
HNH 23.82784 41.22326 146.5 2.18 2 
head wave off 
layer 3 
 
UCCT 24.37412 42.16839 150.1 2.18 2 
head wave off 
layer 3 
 
LBNH 28.45241 49.224 178.2 2.18 2 
head wave off 
layer 4 
 
MDV * 58.74985 222.8 2.18 2 
head wave off 
layer 4 
 
PKME * 76.75497 307.1 2.18 2 
head wave off 
layer 4 
 
EMMW 50.39068 87.17787 355.9 2.18 2 
head wave off 
layer 4 
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GGN 58.68698 101.5307 423.1 2.18 2 
head wave off 
layer 4 
7/27/2009 WES 9.936132 17.18905 58.9 10.66 2 direct wave 
 
BRYW 18.31596 31.68767 113.8 10.66 2 
head wave off 
layer 3 
 
QUA2 20.1369 34.8381 125.8 10.66 2 
head wave off 
layer 3 
 
HNH 21.73022 37.59473 136.3 10.66 2 
head wave off 
layer 3 
 
LBNH 26.19057 45.31113 167.4 10.66 2 
head wave off 
layer 4 
 
 
 
 
Portable-recorded event data by station, including wave travel time, epicentral distance, 
depth, and ray path of fastest travel time.   
event date station 
Wave Travel Time, 
seconds 
epicentral distance, 
km 
Depth, 
km 
Layer Ray Path 
  
P Wave S Wave 
    
12/21/2008 AMTH * * * 2.18 2 * 
 
BRES 2.007936 3.47371 11.6 2.18 2 direct wave 
 
MAUD * * * 2.18 2 * 
 
SPAR 2.073413 3.586977 12 2.18 2 direct wave 
7/27/2009 AMTH 1.794848 3.105478 1.4 10.66 2 direct wave 
 
BRES 2.075411 3.59035 6.4 10.66 2 direct wave 
 
MAUD 1.979801 3.425817 5.2 10.66 2 direct wave 
 
SPAR 1.853791 3.206098 3.1 10.66 2 direct wave 
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Appendix B: 
Event Derivatives recorded on the NESN 
event date station 
derivative with 
respect to depth 
derivative with 
respect to latitude 
derivative with 
respect to longitude 
derivative 
with respect 
to origin time 
  
P Wave S Wave P Wave S Wave P Wave S Wave 
P 
Wave 
S 
Wave 
4/26/2006 WES 0.005175 0.00895 -0.140872 -0.24371 -0.088399 -0.15292 1 1 
 
HRV * 0.00841 * -0.1651 * -0.23531 1 1 
 
BRYW * 0.00064 * -0.25487 * -0.11764 1 1 
 
QUA2 -0.06483 -0.1121 -0.06926 -0.12001 -0.13533 -0.23413 1 1 
 
HNH * -0.1121 * -0.19241 * -0.17952 1 1 
 
UCCT -0.06483 -0.1121 -0.11121 -0.19241 -0.10376 -0.1795 1 1 
10/8/2007 WES -0.09074 -0.1571 -0.146033 -0.25263 -0.078656 -0.13607 1 1 
 
HRV * -0.1571 -0.100238 -0.17341 -0.132313 -0.2289 1 1 
 
FFD * -0.15708 * 0.1648 * -0.23436 1 1 
 
BRYW -0.09074 -0.1571 -0.15087 -0.26101 -0.067751 -0.11722 1 1 
 
QUA2 -0.11092 -0.19298 -0.06907 -0.12003 -0.135026 -0.23413 1 1 
 
LBNH -0.14424 -0.24958 0.050508 0.08738 -0.112395 -0.19521 1 1 
 
PKME -0.14424 * 0.054279 * -0.110997 * 1 1 
12/21/2008 WES 0.00582 0.01017 -0.139123 -0.24204 -0.087912 -0.15346 1 1 
 
FFD 0.00325 0.00561 0.0953 0.16487 -0.13587 -0.23503 1 1 
 
BRYW 0.00283 0.00489 -0.14834 -0.25661 -0.07286 -0.12603 1 1 
 
QUA2 -0.06483 -0.1121 -0.06701 -0.11594 -0.13651 -0.23618 1 1 
 
HNH -0.06484 -0.11176 0.10756 0.18608 -0.10756 -0.18608 1 1 
 
UCCT -0.06484 -0.11211 -0.1094 -0.18926 -0.105673 -0.18283 1 1 
 
LBNH -0.1095 -0.1894 0.0505 0.08783 -0.112838 -0.19522 1 1 
 
MDV * -0.18941 * 0.16849 * -0.1318 1 1 
 
PKME * -0.1894 * 0.09056 * -0.19364 1 1 
 
EMMW -0.10949 -0.18941 0.09601 0.1661 0.077798 0.1346 1 1 
 
GGN -0.1095 -0.1894 0.09463 0.1637 0.079437 0.1374 1 1 
7/27/2009 WES 0.02904 0.05024 -0.150348 -0.26009 -0.065248 -0.11287 1 1 
 
BRYW -0.06484 -0.11211 -0.141747 -0.24523 -0.054955 -0.09509 1 1 
 
QUA2 -0.06484 -0.1121 -0.078593 -0.13597 -0.130226 -0.22531 1 1 
 
HNH -0.06484 -0.1121 0.111236 0.19247 -0.103786 -0.17958 1 1 
 
LBNH -0.1095 -0.18941 0.050518 0.0874 -0.112841 -0.19521 1 1 
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Event derivatives recorded on portable instrumentation 
event date station 
derivative with respect 
to depth 
derivative with respect 
to latitude 
derivative with respect 
to longitude 
derivative with 
respect to origin 
time 
  
P Wave S Wave P Wave S Wave P Wave S Wave P Wave 
S 
Wave 
12/21/2008 AMTH * * * * * * 1 1 
 
BRES 0.029199 0.050514 0.15634 0.270457 0.056897 0.098421 1 1 
 
MAUD * * * * * * 1 1 
 
SPAR 0.027852 0.048183 0.151372 0.234435 0.10056 0.173967 1 1 
7/27/2009 AMTH 0.16371 0.282764 -0.01442 -0.02451 0.028177 0.0483 1 1 
 
BRES 0.142485 0.248481 -0.05253 -0.09093 0.07714 0.133495 1 1 
 
MAUD 0.149495 0.257481 -0.02147 -0.03514 0.077379 0.132984 1 1 
 
SPAR 0.159204 0.274724 -0.04315 -0.07296 0.037373 0.065397 1 1 
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Appendix C: 
 
Portable-recorded events, “.XX” files for absolute location analysis. 
 
Explanation of Tables: 
1. DATE: date event occurred, year/month/day 
2. ORIGIN: event location time (UCT) in hours, minutes, and seconds 
3. LAT N: latitude north in degrees and minutes 
4. LONG W: longitude west in degrees and minutes 
5. DEPTH: event depth in km 
6. MN: Nuttli Lg phase magnitude with amplitude divided by period 
7. MC: signal duration (coda) magnitude 
8. ML: local magnitude 
9. GAP: largest azimuthal separation, in degrees, between stations 
10. RMS: root mean square error of travel time residual in seconds 
11. ERH: standard error of epicenter in km 
12. ERZ: standard error of event depth ni km 
 
 
03.XX, 12/21/2008 Event 
 
 HYPOINVERSE 2000 (10/2006 VERSION) RUN ON Fri Mar 19 00:25:01 2010       
RUN LABEL=CRUST MODEL  1: 1. SOUTH & COASTAL NEW ENGLAND 
 
  DATE     ORIGIN    LAT N    LONG W   DEPTH   MN  MC  ML GAP   RMS  ERH  ERZ Q 
200812212135 36.47 42-47.29  71- 1.82   2.52              132  0.13  0.7  1.6 
 
 NSTA NPHS DMIN N.XMG N.FMG 
  13  25  11.60   0   0 
 
  STN  DIST AZM  RMK HRMN   SEC   TOBS   TCAL   RES   WT AMX PRX XMAG FMP FMAG ANG 
 MAUD   9.3  65 IP 4 2135 43.10   6.63   1.64  4.99 0.00                       102 
                 S 4 2135 43.56   7.09   2.92  4.17 0.00 
 BRES  11.6  72 IP 0 2135 38.55   2.08   2.00  0.08 1.17                        99 
                 S 0 2135 39.94   3.47   3.56 -0.09 1.17 
 SPAR  12.0  54 IP 0 2135 38.68   2.21   2.08  0.13 1.17                        99 
                 S 0 2135 40.16   3.69   3.70 -0.01 1.17 
  WES  50.8 209 EPC0 2135 44.83   8.36   8.46 -0.11 1.15                        91 
                 S 0 2135 51.48  15.01  15.06 -0.07 1.15 
  FFD  91.2 327 EPC0 2135 51.57  15.10  15.13 -0.05 1.10                        91 
                 S 2 2136  1.44  24.97  26.93 -2.00 0.00 
 BRYW 105.4 204 EPC2 2135 53.87  17.40  17.49 -0.15 0.54                        90 
                 S 2 2136  6.62  30.15  31.13 -1.09 0.00 
 QUA2 122.4 243 IPC0 2135 56.95  20.48  20.14  0.31 1.04                        66 
                 S 2 2136 11.62  35.15  35.85 -0.75 0.00 
  HNH 144.2 316 EPC2 2135 59.26  22.79  23.43 -0.67 0.00                        66 
                 S 3 2136 16.20  39.73  41.71 -2.03 0.00 
 UCCT 148.0 223 EPC3 2135 59.72  23.25  24.01 -0.79 0.00                        66 
                 S 3 2136 17.70  41.23  42.74 -1.56 0.00 
 LBNH 176.8 337 EPC1 2136  4.45  27.98  28.13 -0.21 0.67                        48 
30 
 
                 S 1 2136 26.52  50.05  50.07 -0.13 0.67 
  MDV 220.2 309  S 4 2136 34.53  58.06  59.59 -1.57 0.00                        48 
 EMMW 358.4  52 EPC4 2137  0.93  84.46  50.54 33.91 0.00                        48 
                 S 4 2137 12.10  95.63  89.96  5.65 0.00 
  GGN 425.6  51 EPC4 2137 16.12  99.65  58.84 40.80 0.00                        48 
                 S 4 2137 36.21 119.74 104.74 14.99 0.00 
 
 
 
04.XX, 2/24/2009 Event 
 
 HYPOINVERSE 2000 (10/2006 VERSION) RUN ON Fri Mar 19 00:25:22 2010       
RUN LABEL=CRUST MODEL  1: 1. SOUTH & COASTAL NEW ENGLAND 
 
  DATE     ORIGIN    LAT N    LONG W   DEPTH   MN  MC  ML GAP   RMS  ERH  ERZ Q 
200902240024  6.12 42-39.66  71- 7.78   1.96  1.0 1.8     168  0.25  1.3  3.5 
 
 NSTA NPHS DMIN N.XMG N.FMG 
   7  12  27.70   2   4 
 
  STN  DIST AZM  RMK HRMN   SEC   TOBS   TCAL   RES   WT AMX PRX XMAG FMP FMAG ANG 
 SPAR  27.7  40 IP 0   24 11.05   4.93   4.64  0.29 1.57                        92 
                 S 0   24 14.16   8.04   8.26 -0.22 1.57 
  WES  34.5 208 EPC1   24 12.03   5.91   5.77  0.13 1.17 0.3 .06  0.8  42  1.6  92 
                 S 1   24 16.11   9.99  10.27 -0.30 1.17 
  HRV  39.2 245  S 2   24 17.91  11.79  11.62  0.11 0.78                        91 
  FFD  99.5 335 EPC2   24 22.27  16.15  16.49 -0.36 0.73               30  1.6  90 
                 S 4   24 35.15  29.03  29.35 -0.36 0.00 
 QUA2 109.1 248 IPC0   24 24.45  18.33  18.07  0.23 1.43 0.1 .10  1.1  30  1.6  90 
                 S 2   24 37.92  31.80  32.16 -0.42 0.69 
 UCCT 132.1 224  S 2   24 43.82  37.70  38.52 -0.87 0.00                        66 
 LBNH 186.9 341 EPC2   24 35.63  29.51  29.43  0.02 0.59               58  2.3  48 
                 S 3   24 58.31  52.19  52.39 -0.30 0.29 
 
06.XX, 7/27/2009 Event 
 
 HYPOINVERSE 2000 (10/2006 VERSION) RUN ON Fri Mar 19 00:25:27 2010       
RUN LABEL=CRUST MODEL  1: 1. SOUTH & COASTAL NEW ENGLAND 
 
  DATE     ORIGIN    LAT N    LONG W   DEPTH   MN  MC  ML GAP   RMS  ERH  ERZ Q 
200907270530 29.75 42-52.11  70-56.29   7.38              158  0.17  1.7  0.8 
 
 NSTA NPHS DMIN N.XMG N.FMG 
   8  16   1.40   0   0 
 
  STN  DIST AZM  RMK HRMN   SEC   TOBS   TCAL   RES   WT AMX PRX XMAG FMP FMAG ANG 
 AMTH   1.4 162 IP 0  530 31.13   1.38   1.25  0.13 1.07                       169 
                 S 0  530 32.20   2.45   2.22  0.23 1.07 
 SPAR   3.1 131 IP 0  530 31.11   1.36   1.33  0.03 1.07                       157 
                 S 0  530 32.13   2.38   2.37  0.01 1.07 
 MAUD   5.2 169 IP 0  530 30.93   1.18   1.51 -0.33 0.91                       144 
                 S 0  530 32.15   2.40   2.69 -0.29 1.05 
 BRES   6.4 147 IP 0  530 31.45   1.70   1.63  0.07 1.07                       138 
                 S 0  530 32.69   2.94   2.90  0.04 1.07 
 BRYW 116.7 206 EPC0  530 49.02  19.27  18.94  0.27 0.96                        66 
                 S 3  531  2.66  32.91  33.71 -0.91 0.00 
 QUA2 133.3 242 EPC0  530 51.22  21.47  21.47 -0.03 0.93                        66 
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                 S 1  531  6.76  37.01  38.22 -1.26 0.00 
  HNH 143.6 311 EPC0  530 52.71  22.96  23.03 -0.10 0.90                        66 
                 S 3  531  9.28  39.53  40.99 -1.52 0.00 
 LBNH 172.0 333 EPC0  530 56.72  26.97  27.00 -0.09 0.83                        48 
                 S 1  531 16.94  47.19  48.06 -0.98 0.00 
 
06.XX, 7/27/2009 Event (Using only the data collected by the portable stations at 
AMTH, BRES, MAUD, and SPAR) 
 
  DATE     ORIGIN    LAT N    LONG W   DEPTH   MN  MC  ML GAP   RMS  ERH  ERZ Q 
200907270530 29.71 42-50.53  70-58.16   7.22              300  0.12  2.4  1.3 
 
 NSTA NPHS DMIN N.XMG N.FMG 
   8  16   3.40   0   0 
 
  STN  DIST AZM  RMK HRMN   SEC   TOBS   TCAL   RES   WT AMX PRX XMAG FMP FMAG ANG 
 AMTH   3.4  62 IP 0  530 31.13   1.42   1.33  0.09 1.00                       154 
                 S 0  530 32.20   2.49   2.37  0.12 1.00 
 MAUD   4.1 122 IP 0  530 30.93   1.22   1.39 -0.17 1.00                       149 
                 S 0  530 32.15   2.44   2.47 -0.03 1.00 
 SPAR   4.9  79 IP 0  530 31.11   1.40   1.46 -0.06 1.00                       145 
                 S 0  530 32.13   2.42   2.60 -0.18 1.00 
 BRES   6.5 112 IP 0  530 31.45   1.74   1.62  0.12 1.00                       137 
                 S 0  530 32.69   2.98   2.88  0.10 1.00 
 BRYW 112.9 205 EPC4  530 49.02  19.31  18.39  0.86 0.00                        66 
                 S 4  531  2.66  32.95  32.73  0.11 0.00 
 QUA2 129.7 242 EPC4  530 51.22  21.51  20.92  0.56 0.00                        66 
                 S 4  531  6.76  37.05  37.24 -0.24 0.00 
  HNH 143.6 313 EPC4  530 52.71  23.00  23.04 -0.07 0.00                        66 
                 S 4  531  9.28  39.57  41.01 -1.49 0.00 
 LBNH 173.5 334 EPC4  530 56.72  27.01  27.20 -0.25 0.00                        48 
                 S 4  531 16.94  47.23  48.42 -1.29 0.00 
 
09.XX, 08/28/2009 Event 
 
 
 HYPOINVERSE 2000 (10/2006 VERSION) RUN ON Fri Mar 19 00:25:32 2010       
RUN LABEL=CRUST MODEL  1: 1. SOUTH & COASTAL NEW ENGLAND 
 
  DATE     ORIGIN    LAT N    LONG W   DEPTH   MN  MC  ML GAP   RMS  ERH  ERZ Q 
200908280319 27.09 43- 1.64  70-53.77   7.31              153  0.31  1.1  1.2 
 
 NSTA NPHS DMIN N.XMG N.FMG 
  10  20  19.70   0   0 
 
  STN  DIST AZM  RMK HRMN   SEC   TOBS   TCAL   RES   WT AMX PRX XMAG FMP FMAG ANG 
 SPAR  19.7 184 IP 0  319 30.51   3.42   3.50 -0.08 1.22                       109 
                 S 0  319 33.31   6.22   6.23 -0.01 1.22 
 BRES  23.0 179 IP 0  319 31.04   3.95   4.02 -0.07 1.22                       106 
                 S 0  319 34.15   7.06   7.16 -0.10 1.22 
  FFD  78.8 309 EPC0  319 42.23  15.14  13.11  2.01 0.00                        94 
                 S 0  319 50.55  23.46  23.34  0.09 1.17 
  HRV  79.3 224 EPC0  319 39.94  12.85  13.20 -0.38 1.17                        94 
                 S 0  319 50.91  23.82  23.50  0.27 1.17 
 BRYW 134.1 204 EPC0  319 49.24  22.15  21.60  0.49 1.06                        66 
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                 S 0  320  5.17  38.08  38.45 -0.47 1.06 
  HNH 135.5 305 EPC0  319 49.31  22.22  21.81  0.38 1.05                        66 
                 S 0  320  5.54  38.45  38.82 -0.43 1.05 
 QUA2 145.5 236 EPC0  319 50.96  23.87  23.32  0.52 1.03                        66 
                 S 0  320  7.64  40.55  41.51 -1.01 0.11 
 LBNH 158.3 329 EPC0  319 52.53  25.44  25.27  0.11 1.00                        66 
                 S 0  320 11.68  44.59  44.98 -0.50 1.00 
  MDV 214.0 302 EPC0  319 59.36  32.27  32.20  0.05 0.83                        48 
                 S 0  320 24.63  57.54  57.32  0.19 0.83 
 PKME 279.8  26 EPC0  320  9.48  42.39  40.31  2.06 0.00                        48 
                 S 0  320 39.08  71.99  71.75  0.20 0.60 
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Appendix D:  
 
Results of the relative location analyses of the events on 12/21/2008 and 7/27/2009 by 
both the portable instruments and the NESN.  For each run, the data that were used are 
indicated in the column labeled “active stations.” 
 
run 
# 
active stations Waves dLat dLon dDepth dOT rms 
1 
all (portable and 
NESN) 
P and S 2.2771 15.4963 -29.0785 -217.3298 0.1336 
2 BRES P 55.478 -17.6995 -459.1148 -217.3298 9.312E-10 
 
SPAR P 
     
 
WES P 
     
 
BRYW P 
     
3 BRES P 14.3293 -8.161 1.8392 -217.3298 1.317E-09 
 
SPAR P 
     
 
WES P 
     
 
QUA2 P 
     
4 BRES P 13.1352 -7.8842 15.2158 -217.3298 9.3132E-10 
 
SPAR P 
     
 
WES P 
     
 
HNH P 
     
5 BRES P 15.1305 -8.3467 -7.1354 -217.3298 0 
 
SPAR P 
     
 
WES P 
     
 
LBNH P 
     
6 BRES P and S 4.955 6.0931 -5.3043 -217.3298 0.1179 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
7 BRES P and S 7.6835 3.3141 -8.0276 -217.3298 0.0656 
 
SPAR P and S 
     
 
WES P and S 
     
 
QUA2 P and S 
     
8 BRES P and S 7.4381 3.3163 -5.0702 -217.3298 0.0611 
 
SPAR P and S 
     
 
WES P and S 
     
 
HNH P and S 
     
9 BRES P and S 9.2193 2.0944 -18.0445 -217.3298 0.0631 
 
SPAR P and S 
     
 
WES P and S 
     
 
LBNH P and S 
     
10 BRES S 22.4272 6.5153 -221.2215 -217.3298 2.0825E-09 
 
SPAR S 
     
 
WES S 
     
 
BRYW S 
     
11 BRES S 6.3121 5.3687 -9.3493 -217.3298 1.317E-09 
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SPAR S 
     
 
WES S 
     
 
QUA2 S 
     
12 BRES S 6.2814 5.3665 -8.9465 -217.3298 1.8626E-09 
 
SPAR S 
     
 
WES S 
     
 
HNH S 
     
13 BRES S 7.2411 5.4348 -21.5631 -217.3298 1.317E-09 
 
SPAR S 
     
 
WES S 
     
 
LBNH S 
     
14 BRES P -96.2111 -18.0286 89.6767 -217.3298 0 
 
SPAR P 
     
 
HNH P 
     
 
LBNH P 
     
15 BRES P 9.5568 -1.2236 -3.0061 -217.3298 0.1087 
 
SPAR P 
     
 
WES P 
     
 
BRYW P 
     
 
QUA2 P 
     
16 BRES P 7.0079 3.5236 -6.4679 -217.3298 0.1032 
 
SPAR P 
     
 
WES P 
     
 
BRYW P 
     
 
QUA2 P 
     
 
HNH P 
     
17 BRES P 3.242 14.6439 -27.8791 -217.3298 0.1371 
 
SPAR P 
     
 
WES P 
     
 
BRYW P 
     
 
QUA2 P 
     
 
HNH P 
     
 
LBNH P 
     
18 BRES P and S 6.0683 6.0683 -8.9259 -217.3298 0.0954 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
19 BRES P and S 5.5692 5.5232 -8.5482 -217.3298 0.0798 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
20 BRES P and S see run #1 
    
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
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QUA2 P and S 
     
 
HNH P and S 
     
 
LBNH P and S 
     
21 BRES P 12.2682 -8.5956 -4.6467 -217.3298 1.8626E-09 
 
SPAR P 
     
 
BRYW P 
     
 
LBNH P 
     
22 BRES P and S 7.5589 1.1715 -15.6414 -217.3298 0.0764 
 
SPAR P and S 
     
 
BRYW P and S 
     
 
LBNH P and S 
     
24 BRES S 4.9293 6.5854 -9.846 -217.3298 0.1093 
 
SPAR S 
     
 
WES S 
     
 
BRYW S 
     
 
QUA2 S 
     
 
HNH S 
     
25 BRES S 3.7894 8.5719 -11.0704 -217.3298 0.1204 
 
SPAR S 
     
 
WES S 
     
 
BRYW S 
     
 
QUA2 S 
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Appendix E: 
Jackknife Statistical Analysis of Run #19 of Appendix D.   
run 
# 
active 
stations 
Waves dLat dLon dDepth dOT rms 
19 BRES P and S 5.5692 5.5232 -8.5482 -217.3298 0.0798 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
        
A BRES S 5.2521 5.9891 -9.7668 -217.3298 0.0781 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
A2 BRES P 5.5645 5.5326 -8.5665 -217.3298 0.0871 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
B BRES P and S 5.203 6.8223 -10.2748 -217.3298 0.082 
 
SPAR S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
B2 BRES P and S 5.4939 5.8173 -8.9266 -217.3298 0.087 
 
SPAR P 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
C BRES P and S 5.5038 5.0775 -7.4021 -217.3298 0.0737 
 
SPAR P and S 
     
 
WES S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
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HNH P and S 
     
C2 BRES P and S 6.0139 3.2855 -4.3615 -217.3298 0.0784 
 
SPAR P and S 
     
 
WES P 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
D BRES P and S 5.6509 5.4047 -8.418 -217.3298 0.0868 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW S 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
D2 BRES P and S 6.1129 5.6656 -9.5343 -217.3298 0.0587 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P 
     
 
QUA2 P and S 
     
 
HNH P and S 
     
E BRES P and S 5.7167 5.1694 -7.8153 -217.3298 0.0865 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 S 
     
 
HNH P and S 
     
E2 BRES P and S 5.3882 5.9228 -9.63 -217.3298 0.0862 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P 
     
 
HNH P and S 
     
F BRES P and S 5.5786 5.5137 -8.5611 -217.3298 0.0871 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
 
QUA2 P and S 
     
 
HNH S 
     
F2 BRES P and S 5.3402 5.9488 -8.8759 -217.3298 0.068 
 
SPAR P and S 
     
 
WES P and S 
     
 
BRYW P and S 
     
38 
 
 
QUA2 P and S 
     
 
HNH P 
     
 
 
 
 
 
 
Summary of the Jackknife Statistical Analysis and the calculation of the mean and 
standard deviation. 
 
 
dlat x-mean (x-mean)^2 dlon x-mean (x-mean)^2 ddepth x-mean (x-mean)^2 
 
5.2521 -0.3171 0.10055241 5.9891 0.4659 0.21706281 -9.7668 -1.2186 1.48498596 
 
5.5645 -0.0047 2.209E-05 5.5326 0.0094 8.836E-05 -8.5665 -0.0183 0.00033489 
 
5.203 -0.3662 0.13410244 6.8223 1.2991 1.68766081 -10.2748 -1.7266 2.98114756 
 
5.4939 -0.0753 0.00567009 5.8173 0.2941 0.08649481 -8.9266 -0.3784 0.14318656 
 
5.5038 -0.0654 0.00427716 5.0775 -0.4457 0.19864849 -7.4021 1.1461 1.31354521 
 
6.0139 0.4447 0.19775809 3.2855 -2.2377 5.00730129 -4.3615 4.1867 17.5284569 
 
5.6509 0.0817 0.00667489 5.4047 -0.1185 0.01404225 -8.418 0.1302 0.01695204 
 
6.1129 0.5437 0.29560969 5.6656 0.1424 0.02027776 -9.5343 -0.9861 0.97239321 
 
5.7167 0.1475 0.02175625 5.1694 -0.3538 0.12517444 -7.8153 0.7329 0.53714241 
 
5.3882 -0.181 0.032761 5.9228 0.3996 0.15968016 -9.63 -1.0818 1.17029124 
 
5.5786 0.0094 8.836E-05 5.5137 -0.0095 9.025E-05 -8.5611 -0.0129 0.00016641 
 
5.3402 -0.229 0.052441 5.9488 0.4256 0.18113536 -8.8759 -0.3277 0.10738729 
MEAN 5.5692 
  
5.5232 
  
-8.5482 
  
VARIANCE 
  
0.070976122 
  
0.641471399 
  
2.18799914 
STD DEV 
  
0.26641344 
  
0.8009191 
  
1.47918868 
 
